INTRODUCTION
Bacillus sphaericus NCTC 9602 produces two sporulationrelated, y-D-glutamyl-(L)diamino-acid-hydrolysing peptidases, known as endopeptidases I and II. They differ with respect to cellular localization Vacheron et al., 1979) , molecular mass and catalytic mechanism (Gamier et al., 1985; Bourgogne et al., 1992 , Hourdou et al., 1992 and specificity profile (Arminjon et al., 1977; Valentin et al., 1983) .
Endopeptidase I, a 45 kDa protein, is produced at stage IV of sporulation (Guinand et al., 1974; Tipper et al., 1977) . It has been purified in trace amounts from the sporulation medium (Garnier et al., 1985) and in larger amounts from the integuments of the forespores and spores in the presence of Brij 58 (BajiKourda et al., 1989) . Endopeptidase I, referred to as peptidase I throughout this paper, is a carboxypeptidase/peptidyl dipeptide hydrolase. It hydrolyses the y-D-glutamyl-(L)mesodiaminopimelic acid (msA2pm) bond of L-Ala-y-D-Glu-(L)msA2pm and L-Ala-y-D-Glu-(L)msA2pm(L)-D-Ala peptides.
The L-alanine amino group may be free or substituted by an N-acetylmuramoyl or N-acetylglucosaminyl-fl-1,4-Nacetylmuramoyl moiety. Conversely, the presence of a msA2pm residue with free e-NH2 and 6-COOH groups is a strict requirement for activity. Peptides containing L-lysine instead of msA2pm, peptides terminating with the sequence msA2pm(L)-DAla-D-Ala and cross-linked peptide dimers (in which the amino distributed along the amino-acid sequence, peptide segments, a triad His162-Glu165-His307 and a dyad Tyr347-Glu366 that are equivalent to secondary structures, the zinc-binding triad His69-Glu72-His'96 and the catalytic dyad Tyr248-Glu270 ofbovine carboxypeptidase A respectively. The N-terminal repeats of the B. sphaericus peptidase I have similarity with the C-terminal repeats ofthe Enterococcus hirae muramidase 2, the Streptococcus (now Enterococcus)faecalis autolysin and the Bacillus qSPZA and q529 lysozymes, to which a role in the recognition of a particular moiety of the bacterial cell envelope has been tentatively assigned. Detergents enhance considerably the specific activity of the B. sphaericus peptidase I.
group on the D-centre of msA2pm of one peptide is linked to the carbonyl group on the L-centre of msA2pm of another peptide via an intervening D-Ala residue) have no substrate activity. Peptidase I is inactivated by EDTA and reactivated by zinc, cobalt and manganese ions, suggesting that it may be a metallo(zinc)peptidase (Gamier et al., 1985) .
In order to gain some understanding of the molecular organization of the B. sphaericus peptidase I, the protein has been analysed by proton-induced X-ray emission (p.i.x.e.), the encoding gene has been cloned and sequenced and the derived amino-acid sequence has been submitted to hydrophobic-cluster analysis. The results of these investigations are presented and discussed below.
MATERIALS AND METHODS
Enzyme, substrate and enzyme assay The B. sphaericus peptidase I (purified from the spore integuments) (Baji-Kourda et al., 1989) was at a 0.1 % (w/v) concentration in 20 mM Tris/HCl, pH 8.0/10 mM MgCl2 (referred to as buffer) containing 0.2 % (w/v) Brij 58. The enzyme (diluted to the extent that the samples contained less than 0.0002 % Brij 58 before each experiment) and 0.4 mM N-
M.-L. Hourdou and others detergent, the specific enzyme activity was 14 ,tmol of ms-A2pm-D-['4C]Ala released/min (i.e. 14 units) per mg of protein (BajiKourda et al., 1989) .
Detergents
Brij 58 (polyoxyethylene-20 cetyl ether), Sarkosyl (sodium dodecanoylsarcosinate), HPC1 (1-hexadecylpyridinium chloride), Cetavlon (hexadecyltrimethylammonium bromide), Triton X-l00 (octylphenoxypolyethoxyethanol), n-octylglucoside (n-octyl f-Dglucopyranoside), dimethyl ammonio]-1-propanesulphonate} were tested as modifiers of the hydrolytic activity of the B. sphaericus peptidase I. They were used at a final concentration of 0.4 % (w/v) in buffer. P.i.x.e. The B. sphaericus peptidase I (in buffer containing 0.2 % Brij 58) was dialysed extensively against 2.5 mM Tris/HCl, pH 8.0 and lyophilized. The same volume of buffer containing 0.2 % Brij 58 was treated similarly and served as the control. The pellets from the protein and the control were suspended in water and samples (20 Iu) (i.e. 11.25 nmol of peptidase I) were deposited on 4,umthick propylene films together with 20,1 of a liposome solution (in order to ensure a good homogeneity of the samples) and 7.7 ,ug of yttrium nitrate (used as internal standard). After evaporation ofthe solvent, the films were stretched on commercial 24 mm x 36 mm slide frames and irradiated under vacuum by a 2.5 MeV proton beam (40 nA intensity) using the facilities of the Liege University Cyclotron Research Centre. The beam, of 10 mm diam, covered the entire sample, thus avoiding possible problems of non-uniformity of the target. The measurements were made in duplicate. The protein-bound cations were estimated by subtracting the amounts found in the protein samples from those found in the controls. The values thus obtained depended critically on the amounts of protein used for the experiments. The protein content was estimated on the basis of the A230/A260 value (Kalb and Bernlohr, 1977) and by using the method of Bradford (1976) Cleveland et al. (1977) in the presence of 1 % (w/v) SDS, at a papain (Sigma)/peptidase I ratio of 1: 10 (w/w), in 125 mM Tris/HCl, pH 6.8, for 20 min at 37 'C. The reaction was stopped by heating the solution at 100 'C for 5 min. Samples of untreated and papain-degraded peptidase 1 (25,g) were submitted to reverse-phase h.p.l.c. on a 4.6 mm x 220 mm Vydac C4 column. Elution was carried out with a linearly increasing gradient of acetonitrile made in 0.1 % trifluoroacetic acid at a flow rate of 1 ml per min. Peptidase I and the h.p.l.c.-isolated peptides were analysed by SDS/PAGE on 12.5 % (w/v) gels (Laemmli and Favre, 1973) and stained with Coomassie Brilliant Blue. They were submitted to amino-acid microsequencing by using an Applied Biosystems model 470A.
DNA recombinant techniques
The B. sphaericus genomic DNA was prepared as described by Hopwood et al. (1985) from cells in the early sporulation phase.
Escherichia coli strains HB1I1 (Boyer et al., 1969) and DHSaMCR (Jessee and Bloom, 1988) , grown at 37°C in Luria-Bertani medium, as hosts. The libraries were constructed using dephosphorylated vectors. E. coli DH5aMCR was transformed by electroporation (Dower et al., 1988 ) using a BioRad Gene Pulser apparatus. Transformants were selected on agar plates containing ampicillin (50 ,g/ml) or tetracycline (25 ,ug/ml). Genomic libraries were screened by hybridization (at tm -5 C, for 18 h) with radioactive synthetic oligonucleotides (Eurogentec, Liege, Belgium) using a modified Southern-blot procedure (Wallace et al., 1981; Woods, 1984) . Other DNAmanipulation experiments were carried out as described (Maniatis et al., 1982) .
DNA segments cloned into plasmid pSLI 190 (Brosius, 1989 ) and double-stranded DNA segments were sequenced by the dideoxynucleotide chain termination method (Sanger et al., 1977) using the T7 sequencing kit (Pharmacia LKB Biotechnology AB, Uppsala, Sweden). Denaturation of double-stranded DNA was performed as described (Zhang et al., 1988) and the sequencing reactions were initiated with synthetic oligonucleotides.
Sequence identity searches
Searches through the nucleic acid (EMBL version 30) and protein (PIR version 32) sequence databases were performed by using the procedure of Pearson and Lipman (1988) (FASTA and TFASTA softwares, GCG package) . Alignments of pairs of proteins were made by using the Goad and Kanehisa procedure (1982) and a uniform gap penalty of + 8. The significance of the comparison between pairs of aligned sequences was assessed by using the SEQDP program (Kanehisa, 1982) . This program gives the score of the best alignment of two sequences. The significance of the score is expressed by the S.D. unit of the scores of 20 random sequences of the same composition. A S.D. unit value of 5 or higher indicates a statistically significant similarity. The theoretical pl value of the protein was computed by using the GCG package (Devereux et al., 1984) .
Hydrophobic-cluster analysis
Hydrophobic-cluster analysis (Gaboriaud et al., 1987; Henrissat et al., 1990 ) is a powerful method for comparing proteins that are weakly related in their primary structures. It rests upon a duplicated representation of the amino-acid sequences on an ahelical two-dimensional pattern (in which the hydrophobic residues tend to form clusters) and compares the distribution of the clusters along the sequences. The shapes of the clusters are usually associated with definite secondary structures. Clusters of similar shapes, sizes and relative positions express similarity in the polypeptide foldings.
Zinc peptidases
Bovine carboxypeptidase A of known primary and threedimensional structure (Kim and Lipscomb, 1990 ; Le Huerou et al., 1991) served as a standard of reference. Carboxypeptidase A is a one domain protein the dominant feature of which is an eight-stranded f-sheet that constitutes the core of the molecule. The Streptomyces griseus carboxypeptidase of known primary structure (Narahashi, 1990) was also included in the comparison.
Nucleotide sequence accession number
The EMBL accession number for the nucleotide sequence encoding the B. sphaericus peptidase I is X69507.
Gene cloning was performed using pBR322 (BoUivar et al., 1977) and pSP73 (Promega, Madison, WI, U.S.A.) as vectors and Figure 1 shows the h.p.l.c. fractionation profile of the papain digest of B. sphaericus peptidase I and, as an insert, the SDS/PAGE profile of the untreated enzyme (E) and the isolated peptides 6 (28 kDa), 7 (43 kDa) and 8 (32 kDa). Peptides 2 and 4 (< 14 kDa) ran out of the gels. The isolated peptides are those shown in Figure 1 . The amino-acid numbering is attributed on the basis of the primary structure of the B. sphaericus peptidase (Figure 4 ). The amino-acid residues in parentheses were not determined with certainty by chemical sequencing. Given that B. sphaericus produces the restriction endonuclease Bspl286, its DNA is probably methylated (Raleigh et al., 1988) , making it difficult to clone the desired gene in an E. coli host that contains the Mcr/Mrr restriction enzyme (Blumenthal, 1986; Woodcock et al., 1988) . Consequently, samples containing 2.5 x 101 cells of E. coli DH5aMCR (recA-, mcrA-, mcrBJ and mrr-) were electroporated with 5 ng of purified recombinant pBR322 plasmids prepared from HindIll, EcoRI and SphI libraries. The yield was 5 x 105 transformed cells per ,ug of DNA, with a survival rate of about 1 %. Of the 6000 recombinant clones analysed, two originating from the HindIll library, hybridized with probes 1 and 2. The corresponding plasmids, pDML205 and pDML206, contained an insert of 6.6 kb and 7.8 kb respectively. Upon restriction, each plasmid yielded a small SpeI-SpeI 461 bp DNA fragment which, after separation by agarose-gel electrophoresis and transfer to a nylon membrane, gave a strong hybridization signal with probe 1. This DNA segment was subcloned in pSL1 190. Sequencing, using the universal and reverse primers, showed that it had the information for a 153-amino-acid polypeptide and that this polypeptide contained the N-terminal sequence of peptide 8 at an internal position.
Gene sequencing and primary structure of B. sphaericus peptidase I Nucleotide sequencing of pDML205 was performed in both directions upstream and downstream from the SpeI-SpeI DNA fragment, by using the strategy shown in Figure 3 . The sequenced 1710 bp DNA segment contained an open reading frame (ORF), 1188 nucleotides long, which started with a GTG triplet coding for methionine at position 220 (itself preceded by a putative Shine-Dalgarno sequence) and terminated with a TAA codon at position 1408 (Figure 4) . It translated into a 396-amino-acid protein (Figure 4 ). This protein had no signal peptide. Its theoretical molecular mass, 44724 Da, coincided perfectly with the 45 kDa value attributed to the isolated peptidase I on the basis of its migration by SDS/PAGE (Figure 1) . Its theoretical 5.46 pl value also coincided with the experimental 5.40 pl value (Garnier et al., 1985) . Peptides 4, 2, The linear amino-acid alignments derived from the data of Figure 5 are given in Figure 6 . The alignments between the pair B. sphaericus peptidase I and bovine carboxypeptidase A, the pair B. sphaericus peptidase I and S. griseus carboxypeptidase, and the pair S. griseus carboxypeptidase and bovine carboxypeptidase A had scores which were 16, 18 The 100-amino-acid-residue N-terminal domain of the B. sphaericus peptidase I consisted of two peptide segments, from Ile5 to Thr50 and from Ile55 to Thr100, having similarity with each other (Figure 7 ). These segments also had similarity with peptide segments known to occur as repeats in the C-terminal regions of various wall peptidoglycan hydrolases , namely the Enterococcus hirae muramidase 2 (six repeats) , the Streptococcus (Enterococcus) faecalis autolysin (four repeats) (Beliveau et al., 1991) 
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Figure 6 Linear amino-acid alignments and signature of the S. griseus carboxypeptidase (S.g), bovine carboxypeptidase A (Bov.) and the catalytic domain of the B. sphaericus peptidase I (B.s.)
The proposed alignments derive from the data shown in Figure 5 . The catalytic domain of the B. sphaericus peptidase starts at Trp'01. Identities: the pair S. griseus carboxypeptidase and carboxypeptidase A has 87 identities (28%) (black dots), the pair S. griseus carboxypeptidase and B. sphaericus peptidase has 58 identities (19%) (not indicated), the pair B. sphaericus peptidase and carboxypeptidase A has 45 identities (15%) (black dots) and the triad S. griseus carboxypeptidase, carboxypeptidase A and B. sphaericus peptidase has 25 identities (8%) (not indicated).
For the roles assigned to the amino-acid residues that constitute the signature of bovine carboxypeptidase A, see the Discussion section. -301, 340-382, 415-457, 490-532, 565-607 and 624-666 The family prototypic bovine carboxypeptidase A bears a unique signature in the form of several amino-acid residues (Figure 6 ). These residues are brought together within the active sites as a result of the polypeptide folding. They play essential roles in zinc binding (His69, Glu72, His196), substrate binding (Arg145) and catalysis (Tyr248, Glu270) (Argos et al., 1978; Kim and Lipscomb, 1990; Vallee and Auld, 1990; Le Huerou et al., 1991) . The triad His'62-Glu165-His307 of the B. sphaericus peptidase I and the triad His69-GIu72-His204 of the S. griseus carboxypeptidase align with the zinc-binding triad His69-Glu72-His'96 of carboxypeptidase A (Figures 5 and 6 ). Similarly, the dyad Tyr347-GIu366 of the B. sphaericus peptidase I and the dyad Tyr255-Glu277 of the S. griseus carboxypeptidase align with the catalytic dyad Tyr248-Glu270 of carboxypeptidase A. However, the substrate-binding Arg145 of carboxypeptidase A, which aligns with Arg147 of the S. griseus carboxypeptidase, aligns with Asp255 of the B. sphaericus peptidase I. Consistently with the specificity profile of the B. sphaericus peptidase I (see the Introduction), substrate binding might be mediated via a salt linkage between the carboxylate of Asp255 and the free amino group on the D-centre of msA2pm in an e position to the scissile y-D-Glu-msA2pm peptide bond. Note also that at variance with carboxypeptidase A and the S. griseus carboxypeptidase, the B. sphaericus peptidase I has no cysteine residues.
The N-terminal extension of the B. sphaericus peptidase I consists of two peptide segments (Ile5-Thr50 and Ile55-Thr100) which have 41 % identities (Figure 7 ). Repeats are found frequently among carbohydrate-binding proteins, wall peptidoglycan autolysins and lytic enzymes. They vary in number, from two to six, per protein molecule; they occur often, but not always, as C-terminal extensions; they fall into several families and, depending on the family to which they belong, they are believed to participate in the recognition of a particular moiety of the ligand. The repeats of B. sphaericus peptidase I do not exhibit similarity to the repeats of the carbohydrate-binding proteins reviewed by Wren (1991) , the surface proteins from Gram-positive cocci reviewed by Fischetti et al. (1991) , and the pneumococcal peptidoglycan LYTA amidase and CPL-1, CPL-7 and CPL-9 muramidases (Sanz et al., 1992) . They show similarity with the repeats of other wall peptidoglycan hydrolases such as the E. hirae muramidase 2, the S. (E.)faecalis autolysin, the Bacillus subtilis sbPZA lysozyme and the homologous Bacillus gene 15 0 29 lysozyme (Figure 7 ) .
The N-terminal catalytic domains of the pneumococcal LYTA N-acetylmuramoyl-L-alanine amidase and CPL-1 and CPL-7 Nacetylmuramidases have been expressed in E. coli (Sanz et al., 1992 
